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ReMofthe Invention 

The present invention relates generaliy to the 
field of image projection and in particular to the pro- 
jection of non-linear Images. 

Background of the Invention 

Right trainers and other computer controlled 
simulators are currently capable of providing the illu- 
sion of traveling across a computer generated land- 
scape. Such simulators, however, are limited by the 
amount of image data which can practically be pre- 
sented in a real time simulation. This limitation forces 
a reduction from that desired in either the field of view 
of the simulation or the resolution of the images pre- 
sented. An optimal simulation display would have a 
field of view of 160"* and a resolution of at least one 
minute of arc This goal is difficult to achieve, how- 
ev^, because such a display would require approxim- 
ately 60 mflllon picture elements or pbcels. A one 
thousand line television picture generates about 
500,000 pbcels. Thus, the equivalent of approximately 
1 00 television monitors would be requb^ed to generate 
an optimum simulator display. As the total cost of such 
a system would be unacceptable, alternative 
approaches have been utilized. 

One of the more promising approaches takes 
advantage of the nature of human vision. The eye 
breaks its visual field into areas of acuity, the angular 
resolution of which decrease as the view angle 
increases from the foveal axis of the eye. A 1 80*> com- 
puter generated simulator display that simllariy dec- 
reased the amount of information contained in the 
image towards its edges, that is, reduced the number 
of pbcels of the Image in proportion to the pbcels' dist- 
ance from the center of the display, would be able to 
signlflc»ntiy reduce the total number of pixels needed 
for the display. A 180*" display having suc:h a variable 
resolution, one matching the variable acuity of the 
eye, would require only approximately 200,000 pbcels. 
This number of pbcels could easily be generated by a 
1,000 line TV or currentiy avaBable computer sys- 
tems. 

Such a variable acuity display system requires a 
non-linear lens for the proper projection of the images 
onto a screen. The preferred semen for such a system 
is hemispherical in shape, providing a ISC' field of 
view. The focal length of a suitable non-linear lens 
varies by Ite field angle with the same function as eye 
acuity. Such a lens projecte variable sized pbcels onto 
the screen which provides full support of human 
viston. The variable sized pixels projected provide an 
image having a high resolution in the center of the 
viewing area (on tiie optk^al axis) and lower resolu- 
tions moving away from the center of the viewing area 
(away from the optical axes). In order to maintain the 
high resolution of the optk^l axis of ttie system m 



alignment witii the foveal axis of the viewer's eye, the 
non-linear lens system is mechanically roteted In two 
axes in sync^hronization with the eye movemente of 
the viewer. 

5 Existing variable acuity non-linear lenses are 

comprised of multiple asphericai and simple lenses. 
The number and type of lenses required make current 
non-linear lenses are costiy, difficult to manufecture 
and relatively heavy. The greater the weight of the 

10 lens the more difTicult it becomes to rotate the lens to 
maintain alignment between the visual axis of the pro- 
jected images and the foveal axis of the viewer's eye. 

An improved variable acuity non-linear system 
and lens is needed, wherein the lens is lightweight, 

18 simple in form, and inexpensive to produce. 

Summary of the Invention 

The present Invention provides a variable ac»iHy 

20 non-linear holographic optical element (HOE) for use 
witii a computer generated visual display system. The 
HOE is used with a system which can fully satisfy the 
human visual acuity over a 180*" fieid-of-view. The 
HOE, when used in conjunction with a computer 

25 image generator, provides distortion in an image pro- 
jected to the interior of a hemispherical screen such 
that equal-size and equally spaced pbcels on a T^ht 
valve surface are projected as differently sized pbcels 
with variable spacing on the screen. The variation of 

30 ttie pbcel size and spacing matahes the variation of 
human visual acuity penmitting a realistic view to be 
presented to an observer while requiring a minimum 
of computer data to be generated and projected. 
The invention comprises a variable acuity non- 

35 linear projection system which utilizes an HOE and an 
apparabjs for creating tiie HOE. The projection sys- 
tem, designed for use by an observer having a pre- 
detemiined field of view, comprises a computer, a 
light valve, means for focusing images projected by 

40 the light valve, a viewing screen and an HOE for the 
non-linear refraction of the focused images on the 
screen. 

The computer is programmed to create images 
having a multiplicity of pbcels. The portion of the bnage 

45 In each pbcel Is increased by a predetermined amount 
In proportion to the distance of the pbcel from the 
center of the image. The light vah^e Is connected to the 
computer and projects the Images created the cotih 
puter. The projected images are focnjsed to bundles 

50 of light rays having a predetenmined cross-section. 
The focusing is accomplished by a positive lens which 
converges the light ray bundles a predetermined 
amount and a negative lens whlc;h then cK)llimates the 
converged light ray bundles to the desired cross-sec- 

55 tion. The viewing screen comprises at teast a seg- 
ment of a hemisphere and recent and reflecta the 
projected images. The HOE is placed betereen the 
negative lens and the screen. The HOE redirecte and 
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expands each ray bundle by a predetermined amount, 
the amount increasing in proportion to the distance of 
the light ray bundle from the center of the Image. Each 
pb(6l of the projected image is iilcewise expanded in 
proportion to its distance from the center of the image. 5 

The system additionally provides means for main- 
taining the center of the projected images in alignment 
with center of the field of view of the observer. 

Another aspect of the invention includes an 
apparatus for creating the HOE utilizing a holographic 10 
recording medium and a laser t>eam directed towards 
the medium. The apparatus comprises e negative 
lens placed In the path of the laser beam such that the 
lens spreads the cross-section of the beam. A positive 
lens is placed In the path of the beam issuing from the is 
negative lens collimating the i>eam to a predeter- 
mined size. A t>eam splitter is placed in the path of the 
oonimated beam such that a portion of the beam pas- 
ses through the t>eam splitter and continues towards 
the holographic recording medium as a reference 20 
t>eam, and a portion of the beam is directed away from 
the holographic recording medium as an objective 
beam. A reflective device, such as a mirror or prism, 
directs the objective beam towards a point on the 
hoiogrephic recording medium substantially coinci- 25 
dent the holographic recording medkim by a second 
positive lens placed in the path of the beam reflecting 
finom the ntirror such that the beam Is focused to a 
point having a diameter corresponding to one pixel of 
a variable acuity image at the point of Inteisection of 30 
the beam with the objective plane. The beam is inver- 
ted after emerging from the focal point After passing 
through the objective plane, the beam is caused to 
impinge on the holographic recording medium with a 
cross-section of a predetermined size. This size is as 
controlled by a third positive lens which causes the 
l>eam to be converged by a preselected amount, and 
a second negative lens which collimates the beam to 
the preselected cross-section. 

The reference t>eam emerging from the beam 40 
splitter is caused to impinge on the holographic 
recording medium with a cross-section of substan- 
tially the same size as that of the objective t>eam. This 
size is controlled by a fourth positive lens placed in the 
path of the lefierenoe beam converging the beam to a 45 
focal point and inverting the beam. A fifth positive lens 
placed in the path of the beam emerging from the focal 
point such that the t>eam is dhrerged to a cross-sec- 
tfon substantially the same as ttiat of the objective 
t>eam at the point of the impingement of the beams on so 
the holographic recording medium. 

The interaction of the beams creates a grating 
structure on the holographic recording medium which 
wffi refract one pixel of an image projected on the 
holographic medium a predetemiined anrx>unt Means 55 
are provided for Impinging the substantially coincident 
ofcjecthfe and reference beams on a multiplldty of 
points on the holographic recording medium. 



The foregoing and other advantageous and dis- 
tinguishing features of the invention are described in 
detan below and are recited in the appended claims. 

Brief Description of the Drawings 

FIG. 1 is a blockdiagramof a variable acuity non- 
linear projecting system Incorporating features of 
the present invention, showing the projection 
paths of two light ray bundles; 
FIG. 2 is a schematic representation of the sys- 
tem shown in FIG. 1, depicting the passage of a 
single light ray bundle through a lens group and 
a variable acuity non-linear lens; and 
FIG. 3 is a schematic representation of another 
aspect of the invention, the apparatus used to 
create the variable acuity non-linear lens shown 
in FIG. 1. 

Detailed Description 

TTie present Invention provides an HOE lens and 
a system which creates and projects images match- 
ing the variation of human visual acuity over a 180^ 
field of view. Such a system Is shown in FIG. 1 . A conv 
puter 10 Is programmed to create images which will 
be displayed on a hemispherical otiservation screen 
1 2. The screen may comprise the interior of a viewing 
dome or a desired portion of a hemispherical figure. 
The computer 10 is programmed to create images 
comprised of pbcets. The pixels are of a uniform siiape 
and size and each contains a fixed amount of visual 
information. The portion of each image, represented 
by the visual information within each pixel, increases 
proportionaliy with ttie distance of the pbcel from the 
center of the image. Thus the image created by the 
computer is normal in its center and compressed 
towards its edges. The function of the remainder of 
the elements of the system is to display and decom- 
press the compressed pfocels in the proper amount 
such that the final images viewed tsy an ot>server 20 
appear normal. The amount of visual information con- 
tained within each pixel is fixed. Thus the resolution 
at the center of a displayed image is nonmal and dec- 
reases towards its edges. 

The images are projected by a light valve 14, a 
lens group 16 and a variable acuity non-linear 
holographic optical element (HOE) 18. The light valve 
recehfes a computer generated image and projects It 
into the lens group. The lens group forms the projec- 
ted image into collimated light ray bundles which 
strilce ttie HOE. The HOE bends the light ray bundles 
redfaBcting them and causing their expansion as they 
travel towards the screen 12. The amount of redirec- 
tion and expansion imparted by the HOE increases by 
a predetenmined amount in proportion to the distance 
from Its center each light ray bundle strikes the HOE. 
The light ray bundles are collectively rsAected from 
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the screen to form the images seen by the observer 
20. 

The function of the system is illustrated for two 
pbcels A, B displayed and projected by the light valve 
1 4. The imaging of the pixels on the projecting surface s 
of the light valve may be considered to result in the 
creation of first and second light ray bundles 24, 26 
created by pixels A and B, respectively. The light ray 
bundles 24, 26 are reduced to collimated beams of 
light having predetermined cross sections. The io 
beams of collimated tight strike the HOE 18 v/hich ref- 
racts the beams towards the Screen. Pbcel A is 
located In the center of the light valve, thus the first 
beam 28 is minimally r^racted resulting in a pbcel A' 
being fomned on the screen 12 having a relatively is 
small size. Pixel B is located towards one edge of the 
light valve, thus the second beam 30 is refracted and 
expanded to a greater degree to create a pbcel B' on 
the screen having a relatively large size. 

As the total amount of visual information con- 20 
tained within the pbcel A' is the same as that pbcel B', 
* the image in the pbcel A' wil appear to the observerto 
have a higher resolution than the image In pbcel B'. 
However, so long as the foveal axis of the observer's 
eye is directed towards A', the reduced resolution of 25 
the image in pbcel B' will be matched by the reduced 
acuity of the observer's eye making the reduced resol- 
ution of B' unnoticeable. Means 32 are provided to 
maintain the highest resolution portion of the projec- 
ted bnage In alignment with the foveal axis of the 36 
observer's eye. Means 32 senses the direction of the 
field of view of the observer and rotates the light valve 
14, lens group 16 and HOE 18. as required, to main- 
tain this alignment 

The lens group 1 6 is shown in greater detail in 3S 
FIG. 2. The lens group comprises a positive lens or 
lens group 34 and a negative lens or lens group 36. 
The positive lens 34 <x)nverges light rays 38 emanat- 
ing from the projecting surface 22 of the light valve. 
The negative lens 36 is placed in the path of the con- 40 
verging light rays 38 at a location where the rays have 
a predetermined cross section. The negative lens 36 
colllmates the light rays to this cross section 40. For 
example, the relative portion of a diverging light ray 
bundle 38 projecting from a pbcel C on the projecting 4S 
surface 22 will strike the positive lens 34. After pas- 
sing through the positive lens the light ray bundle con- 
verges. At the location where the cross section of the 
converging light ray bundle is that which is desired, 
negative lens 36 refracts the light ray bundle towards so 
the HOE 18 as a collimated beam 40 having the des- 
ired cross section. The collimated beam strikes the 
HOE which refiracts and expands the beam a pre- 
determined amount ttased on the distance the beam 
strikes ttie HOE away linom a center line 42. The HOE, 55 
the light valve 14, the positive lens 34 and tiie nega- 
tive lens 36 are all preferably aligned on a common 
center line 42. The beam then strOces the screen 12 
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and is reflected as a part E cjf a total projected Image. 

As the pixels are projected from distances further 
from the centerline 42 of the light valve 14. the results 
Ing collimated beams strike the HOE a distance pro- 
portionally further away from the center line 42 of the 
HOE, and the HOE refracts ttie collimated beams a 
proportionally greater amount away from the center 
line 42 of the viewing screen. The HOE additionally 
expands the collimated beams by a simiiariy pro- 
portionally greater amount 

The present Invention may be used as a flight 
simulator with the addition of tiie necessaiy equip* 
ment to comprise a simulated pllofs position, and 
appropriate software enabling the computer to create 
flight Images providing the appearance of a view from 
the cockpitofthe aircraft simulated. Other sirmilations 
may be accomplished by providing the appropriate 
simulated operators station and the software to create 
images associated with the activity simulated. 

Another aspect of the Invention provides an 
apparatus for prociucing the HOE. Referring now to 
FIG. 3, the apparatus comprises an optical arrange- 
ment designed to record a hok>graphic optical ele- 
ment for non-linear projection of an object plane 62. 
The object plane Is comprised of uniform pbcels whtoh 
. represent the variable acuity Image. For the embodi- 
ment shown, the object plane is circular, having a 
central axis of symmetry corresponding to the axis of 
symmetry 42 of the HOE to be recorded. The optical 
an^ngement includes a laser source 44, a first nega- 
tive tens 48 to spread the laser beam, a ftet positive 
lens 50 to colllmate the laser beam, a beam splitter 52 
inserted In the collimated beam to fonm a reference 
beam 54 and an object beam 56. The beam splitter 
52, which may cxannprise a half silvered mirror or other 
appropriate partially transmissive, partially reflective 
device, is placed into the collimated beam 51 to split 
the beam. 

The object beam is directed by appropriate ref- 
lecting means 58 to a second positive lens 60. Lens 
60 is positioned to focus the object beam such that the 
inverted expanding object beam has the diameter of 
one pixel at the Intersection of the beam with the 
object plane. The pbcel location of the beam Is deter- 
mined by the offset from the axis of symmetry of the 
object plane. The object beam is then passed through 
a positive lens group 64 and a negative lens group 66 
to create a collimated pendl object beam 56'. In this 
embodiment the object beam optical train, lenses 60. 
64 and 66, Is oriented such that ttie collimated pencil 
object beam imphges the HOE recording medium 46 
ate distance from the axis of symmetry corresponding 
to the distance of the pbcel in the object plane from the 
axis of symmetry of the objec:t plarte. 

The reference beam 54 passes through a positive 
lens 68 for focusing. The inverted reference beam 
emerging from the focal point of lens 68 passes 
through a positive lens 70. Lens 70 is a controllable 



5 



EP 0 458 463 A1 



optical element operating on the reference beam to 
provide a efightiy diverging beam 54' which impinges 
on the HOE reooidfng medium approximately coind* 
dent with the collimated pendl object beam. In the 
preeent embodiment lens 70 Is a positive lens. 

By adjusting the position of lens 70 along the opti- 
cal aoclB of the reference optical train, a proper beam 
divergence can be achieved. Lens 70 is positioned 
lelative to the focus of the reference beam such that 
the diameter of the reference beam 54' where the 
beam impinges the HOE recording medium is equal 
to the diameter of the object beam 56'. In one emkx)- 
dknent, this Is accomplished by keeping the distance 
between lens 68 and lens 70 constant white adjusting 
the positions of lenses 68 and 70 together along the 
optical axis to obtain equal beam diameter of the 
sHghHy diverging reference t>eam 54' and the colli- 
mated penci object beam 56' on the HOE recording 
medium. The angle of divergence of the reference 
t>eam 54' is controlled by lens 70 to be proportional to 
ttie distance from the axis of symmetry of the object 
plane of the pbcel represented by the object beam. 

The angular relationship t>etween the reference 
beam optical train and the object beam optical train to 
result in a projected beam at a gh^en angle is well 
known in the art of holographic recording. The diverg- 
ence of the reference beam results in a divergence of 
the projected beam. 

The cross sectfons of the two beams are substan- 
tially the same size and are simultaneously impinged 
on the recording medium for a predetermined length 
of time. The recording medium 46 is exposed by the 
beams, creating a grating structure on the medium. 
After development of the medojm, the area exposed 
by the t)eams, when used with the variable acuity non- 
linear projecting system of the present invention, will 
reftact one pwel of a variable acuity Image, redirecting 
and expanding the pbcel a predetermined amount 

By changing the location on the recording 
medium 46 at whbh the objective and reference 
t>eams sut>stantiaily coincidentally impinge, a multip- 
lictfy of points on the medium may be exposed. As the 
amount of refrectton desired by the recording 
medium, after development, is the same for distances 
equal from the center line 72 of the medium, a particu- 
lar setting of the optical trains may be used to expose 
a ring shaped area on the medium by rotating the 
medium about Its canter line. By this method the total 
mimber of alignments of the optical trains necessary 
to expose substantially all of the recording medium is 
aignificantiy reduced. 

After the recording medium 46 fully exposed, it 
may be developed by methods well known in the art. 
The rscordlng medium material to be used, the length 
of time for each exposure, and the techniques for set- 
ting up and altering the optical trains depicted in FIG. 
3, are also well known in the art and standard prao- 
ttoes may be used to create the HOE of the present 
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Invention with the optical trains descrft>ed above. 

in view of the foregoing description of the inven- 
tion, those skilled in the relevant arts w8] have no dif- 
ficulties m^ing changes and modifications in the 
different descritied elements of the Invention in order 
to meet their specific requirements or conditions. 
Such changes and modifications may be made with- 
out departing from the scope and spirit of the invention 
as set forth in the following claims. 



Clalmc 



1 • A variable acuity non-linear projection system for 
IS use by an observer having a predetemrtined field 
of view, the system comprising: 

means for creating and projecting variable 
acuity non-linear Images: 

means for focusing the projected images 
20 to bundles of light rays having predetermined 
cross-sections; 

a viewing screen; 

a transnrussh^e holographic optk:al ele- 
ment non-linearly refiracting the light ray bundles 
25 from the focusing means to the viewing screen 
such that variable acuity non-linear images are 
created thereon; and 

means for maintaining the center of the 
Images in alignment with centerof the field of view 
30 of the observer. 



The system of claim 1 wherein the means for 
creating the images comprises: 

a computer programmed to create Images 
comprised of a multiplicity of pbcels. the portion of 
the totality of the images contained In each pbcel 
increasing by a predetermined amount In propor- 
tion to the distance of the pixel from the center of 
the image; and 

a light valve connected to the computer to 
project the images created the computer. 



3. The system of daim 1 wherein the means for fo- 
cusing the Images comprises; 

a positive lens which conveiiyes the light 
ray bundles a predetermined amount; and 

a negative lens which coilimates the con- 
verged light ray bundles from the positive lens to 
a cross-section of a predetemilned eize. 



4. The system of daim 1 wherein the transmlsaive 
holographic optical element redirects and 
expands each ray bundle received from the fo- 
cusing means by a pred^enmined amount which 

ss increases In proportion to the distance of the light 
ray bundle from the center of the image. 

5. An apparatus utilizing a source produdiig a cohe- 
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rent light beam and a holographic recording 
medium for exposing the medium to produce a 
variable acuity non-linear holographic optical ele» 
ment the apparatus comprising: 

means for collimating and splitting the 5 
coherent light beam into a reference beam and an 
objective beam; 

means for directing the objective beam 
towards a point on the holographic recording 
medium substantially coincident with reference to 
beam; 

means for converging the objective beam 
to a focal point within an objective plane located 
between the beam splitting means and the 
holographic recording medium, the point in the is 
objective plane representing one pixel of a vari- 
able acuity image; 

means for causing the objective beam, 
after passing through the objective plane, to 
impinge on the holographic recording medium for 20 
a predetermined length of time and having a 
cross-section of a predetenmined size; 

means for causing the reference beam to 
dhferge and impinge on the holographic recording 
medium for a predetermined length of timop the 25 
reference beam substantially coincident with the 
objective beam and having a cross-section of 
substantially the same size as that of the objeo* 
tive beam, thereby exposing the recording 
medium end creating a grating structure on the 30 
medium which will refract one pbcel of a variable 
acuity image projected on the holographic record- 
ing medium a predetermined amount; and 

means for impinging the substantially coin- 
cident objective and reference beams on a mul- 3S 
tiplicity of points on the holographic recording 
medium, each for a predetermined length of time, 
thereby exposing a substantial portion of the 
recording medium. 

40 

6. The apparatus of claim 5 wherein the means for 
collimating and splitting the coherent light into an 
objective beam and a reference beam comprises: 

a first negative lens placed In the path of 
the coherent light beam such that the lens 4S 
diverges the beam; 

a first positive lens placed in the pa^ of the 
diverging beam Issuing from the first negative 
lens to coliimate the beam to a predetemnined 
cross-section; and so 

a beam splitter placed in the path of the 
collimated beam such that a portion of the beam 
passes through the beam splitter and a portion is 
reflected from a surface of the beam splitter. 

ss 

7. The apparatus of daim 5 wherein the means for 
directing the objective beam towards a point on 
the holographic recording medium substantially 



coincident with reference beam Is a reflective 
device; 

8. The apparatus of daim 5 wherein the means for 
focusing the objective beam to a focal point within 
an objective plane comprises a second posith^e 
lens placed in the path of the beam such that the 
beam is converged to a focal point having a 
diameter corresponding to one pbcel of a variable 
acui^ image at the point of intersection of the 
beam with the objective plane; the beam being 
inverted after emerging from the focal point 

9. The apparatus of claim 5 wherein the means for 
causing the objective beam to impinge on the 
recording medium comprises: 

a third positive lens placed in the path of 
the beam extending through the objective plane 
such that the beam is diverged by a preselected 
amount; and 

a second negative lens placed in path of 
the beam issuing from the third positive lens 
which collimates the beam to a preselected 
cross-section. 

10. The apparatus of clafrn 5 wherein the means for 
causing the reference beam to dh/evQB and 
impinge on the holographic recording medium 
comprises: 

a fourth positive lens placed in the path of 
the reference beam such that the beam is con- 
verged to a focal point and inverted after emerg- 
ing from the focal point; and 

a fifth positive lens placed in the path of the 
beam emerging from the focal point to cause the 
beam to diverge at an angle proportional to the 
location of the object beam on the recording 
medium relative to a central axis of the medium, 
the fourth and fifth positive lenses positioned in 
combination to cause the r^erence beam to have 
a cross-section substantially the same as that of 
the objective beam impinging on the holographic 
recording medium. 

11. A method utilizing a source producing a coherent 
light beam and a holographic recording medium 
for producing a variable acuity non-linear 
holographic optical element comprising: 

collimating and splitting the coherent light 
Into a reference beam, and an objective beam; 

directing the objective beam towards a 
point on the holographic recording medium; 

converging the objective beam to a focal 
point wittiin an objective plane located between 
the beam splitting means and the holographic 
recording medium, the focal point In the objective 
plane representing one pbcel of a variable acuity 
image; 
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causing the objectrve beam, after passing 
through the objective plane, to impinge with a 
crose-section 'of a predetenmlned size on the 
holographic recording medhinn for a predeter- 



causing the reference beam to diverge and 
impinge with a cross-section of substantially the 
same sfa:e as that of the objective beam on the 
holographic recording medium for a predeter- 
mined length of time, thereby exposing the io 
recording medium and creating a grating struc- 
ture on the medium which will refract one pixel of 
a variable acui^ image projected on the 
hdographic recording medium a predetennined 
amount; is 

means for impinging the substantially coin- 
cident objecthfe and reference beams on a nmil- 
tiplicify of points on the holographic recording 
medium, each for a predetermined length of time, 
thereby exposing a substantial portion of the 20 
recording medium; and 

developing the hdogiaphlc recording 
medium. 

1Z A method as defined in dalm 11 wherein the 25 
dhrergence of the reference i^eam is proportional 
to the distance from a central axis of the 
holographic medium. 

13. A flight simulator variable acuity non-linear view- 30 
ing system comprising: 
a pHof s position; 

means for creating and projecting variable 
Bcuffy non-linear images to simulate a view from 
the pOofs position; 3$ 

means for focusing the projected images 
to tnindles of light rays having a predetermined 
cross-section; 

a viewing screen; and 

a transmlssive holographic optical ele- 40 
ment non-llnearly refracting the light ray bundles 
from the focusing means to the viewing screen. 



mined length of time; 
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